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ABSTRACT
On Pentecost Monday, 9 June 2014, a severe linearly organized mesoscale convective system (MCS) hit
Belgium andwesternGermany. This stormwas one of themost severe thunderstorms inGermany in decades.
The synoptic scale and mesoscale characteristics of this storm are analyzed based on remote sensing data and
in situ measurements. Moreover, the forecast potential of the storm is evaluated using sensitivity experiments
with a regional climate model. The key ingredients for the development of the Pentecost storm were the
concurrent presence of low level moisture, atmospheric conditional instability, and wind shear. The synoptic
and mesoscale analysis shows that the outflow of a decayingMCS above northern France triggered the storm,
which exhibited the typical features of a bow echo like a bookend vortex and a rear inflow jet. This resulted in
hurricane force wind gusts (reaching 40m s 1) along a narrow swath in the Rhine Ruhr region leading to
substantial damage.Operational numerical weather predictionmodelsmostly failed to forecast the storm, but
high resolution regional model hindcasts enable a realistic simulation of the storm. The model experiments
reveal that the development of the bow echo is particularly sensitive to the initial wind field and the lower
tropospheric moisture content. Adequate initial and boundary conditions are therefore essential for realistic
numerical forecasts of such a bow echo event. It is concluded that the Pentecost storm exhibited a comparable
structure and a similar intensity to observed bow echo systems in the United States.
1. Introduction
On Pentecost Monday, 9 June 2014, a well-organized
convective system crossed over Belgium and the
northwestern part of Germany, causing severe wind
damage along its path, particularly in the federal state of
North Rhine Westphalia (NRW). Short-term warnings
based on nowcasting were issued for NRW and wide-
spread severe weather was observed over the Rhine
Ruhr area (Fig. 1). Maximum wind gusts reached about
40ms 1 at the Düsseldorf Airport in Germany, which
had to be temporarily closed. Within Düsseldorf’s pe-
riphery, nearly one-third of all roadside trees were
heavily damaged. Moreover, rail traffic was severely
disrupted in NRW (see Fig. 1) as a result of the large
number of overturned trees. In addition to the wind gusts
and heavy precipitation, localized hail bursts were re-
ported across the area (Fig. 1). During this event, six fa-
talities, more than 50 casualties, and total insured losses of
about 650 million euros were reported (Deutsche Rück
2015). The German Weather Service [Deutscher Wet-
terdienst (DWD)] attributed to this warm-season severe
wind event an approximate return period of more than
50yr for Germany (Beyer and Tuschy 2015). These spe-
cific characteristics motivated a detailed investigation of
this event, hereafter referred to as the Pentecost storm.
Mesoscale convective systems (MCSs) occur more
frequently during the summer months and can produce
hazardous weather events, such as flash floods, large
hail, and storm-force wind gusts that can occasionally
reach hurricane-force levels. Wind gusts accompanying
MCSs are induced by strong downdrafts and by the
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associated pressure gradients within their convective
cells. The necessary ingredients for well-organized
MCSs are sufficient amounts of moisture in the bound-
ary layer, latent tropospheric instability [i.e., presence of
convective available potential energy (CAPE)], vertical
wind shear between the surface and midtroposphere
(e.g., Brooks et al. 2003; Brooks 2009), and a lifting
mechanism that triggers the convection. In particular,
discriminating ingredients for severe-wind-producing
convective systems are 1) steep low- to midlevel lapse
rates of about 6.5Kkm 1, 2) wind shear of at least
15ms 1 between the surface and 6-km altitude, 3) aver-
age lower- to midtropospheric wind speeds of at least
10ms 1, and 4) a parallel orientation between deep-layer
wind and shear vectors leading to a fast system propa-
gation (Evans and Doswell 2001; Cohen et al. 2007; Púcik
et al. 2015). It is also generally accepted that low-level shear
(0 3km)with amagnitude of at least 10 15ms 1 is needed
for long-lived linear MCSs to occur (e.g., Coniglio and
Stensrud 2001; Weisman and Rotunno 2004). However,
Evans and Doswell (2001) and Cohen et al. (2007) showed
that low-level shear is not a discriminating ingredient for
severe convective windstorms.
Houze (1993) defined an MCS as a cloud system
containing numerous cumulonimbus cells with a con-
tiguous precipitation area of 100 km or more in the
horizontal direction. MCSs typically consist of a con-
vective precipitation region and a large region of strat-
iform rain, including an embedded vertical mesoscale
circulation that is often self-sustaining (Houze 2004).
The convective line of an MCS can be connected to
leading, trailing, or parallel stratiform precipitation
(Parker and Johnson 2000). Linear MCSs also exhibit a
variety of distinct radar echo patterns, such as a squall
line, bow echo structures (Fujita 1978), or line echo
wave patterns (Nolen 1959). Fujita (1978) first described
the typical life cycle of a bow echo and its dynamical
characteristics, such as the rear-inflow jet (RIJ) and the
downbursts at the bow’s apex. Bow echoes have mainly
been studied in the United States, where they are
FIG. 1. Illustration of the observed damage in NRW during the passage of the Pentecost storm
from 1800 to 2200UTC 9 Jun 2014. Shown are the reports of severe wind gusts (yellow rectangles)
and large hail (green triangles) from the European Severe Weather Database (ESWD; Dotzek
et al. 2009). The railroad network is indicated by the white lines and the damaged railroad tracks in
NRW are colored red (source: Deutsche Rück 2015). The estimated maximumwind gusts (m s 1)
based on in situ measurements are denoted by the dark blue contour lines. The small arrows near
the contour line labels indicate the direction of increasing wind speed. The inset on the bottom
right hand side shows the location of NRW (shaded in orange) in western Europe.
frequently observed, but they also occur in Europe,
featuring similar characteristics to those observed in
North America (e.g., Ramis et al. 1997; Schmid et al.
2000; Gatzen 2004, 2013; Punkka et al. 2006). Gatzen
(2013) analyzed warm-season convective wind events in
Germany, and he found that only eight convective
events and two bow echo events resulted in wind speeds
above 40m s 1 during the 15-yr period (1997 2011). In
addition, mesovortices are known to occur withinMCSs,
either as 1) midlevel bookend mesovortices (e.g.,
Weisman 1993; Weisman and Davis 1998) or 2) low-
level mesovortices along the leading edge of the storm
(e.g., Funk et al. 1999; Atkins et al. 2005; Schenkman
and Xue 2016). Cloud systems are thus classified ac-
cording to the occurrence of these features.
The modeling and forecasting ofMCSs is a challenging
task for numerical weather prediction (NWP) models, as
the initiation of cloud formation and convective processes
is frequently not well simulated (e.g., Baldauf et al. 2011).
The development of the systems in numerical models is
quite sensitive both to the initial and boundary data
(Kühnlein et al. 2014), and to the accurate representation
of physical and dynamical processes such as boundary
layer processes (e.g., convergence), which defines the
location where the convective development is triggered
(Bennett et al. 2006; Barthlott et al. 2011). The possibility
of redevelopment makes the task even more challenging
from a modeling perspective, since insufficient initial
convective development will lead to a misrepresentation
of its further development. In general, the consideration
of high-resolution, nonhydrostatic, and thus convection-
permitting models leads to better results (e.g., Kain et al.
2006;Weisman et al. 2008; Clark et al. 2009;Warren et al.
2014; Leutwyler et al. 2016).
The purpose of this study is to analyze the synoptic
characteristics and the predictability of the Pentecost
storm. With this aim, we investigate the presence of the
ingredients necessary for the development of severe
MCSs. Satellite measurements, weather station obser-
vations, as well as numerical weather prediction model
data enable a detailed view of this extreme event. Given
the poor performance of the operational forecasts, high-
resolution hindcast experiments are performed to in-
vestigate the reasons for this shortcoming.
A recent study by Barthlott et al. (2017) evaluated the
predictability of the event based upon differing domain
sizes, microphysical parameterizations, aerosol concen-
trations, and initialization dates. Our experiments focus
on the role of different initial conditions in order to
obtain a better simulation of the Pentecost storm of
9 June 2014.
This study is structured as follows. Section 2 describes
the data and methods. An overview of the synoptic
situation and the preconvective environmental condi-
tions is provided in section 3. The evolution of the con-
vective system is described in section 4, with amajor focus
on the mechanisms responsible for the severe surface
winds. Section 5 analyzes the model experiments and
discusses the predictability issues. The last section
includes a short summary and our conclusions.
2. Data and methods
The observational data used in this study were ob-
tained from various sources, including two synoptic
surface weather station networks, one sounding station,
and satellite and operational radar network data. The
station network operated by the DWD provides 10-min
and hourly weather observations. In particular, data
from Düsseldorf Airport (WMO 10400; see Fig. 2) are
analyzed. Additionally, data from an automatic weather
station network operated by the private weather service
MeteoGroup are included. The 1800 UTC sounding
from Bergen-Hohne (WMO 10238; see Fig. 2) is con-
sidered as representative for the environmental condi-
tions during the passage of the storm. Five-minute
volume and precipitation radar scans from Essen
(WMO 10410; see Fig. 2), 15-min satellite images from
the Meteosat Second Generation (Schmetz et al. 2002),
lightning data from the Lightning Detection Network
(LINET; Betz et al. 2009), and data from the DWD
C-band radar network (Helmert et al. 2014) are used to
document the evolution of the MCS. Additionally, op-
erational model data from the European Centre of
Medium-Range Weather Forecasts (ECMWF) and
from the Consortium for Small-Scale Modeling
(COSMO) for medium-resolution [COSMO-EU, 7-km
horizontal resolution; Schulz and Schättler (2014)] and
high-resolution [COSMO-DE, 2.8-km horizontal reso-
lution; Baldauf et al. (2011)] are considered (Table 1).
Precipitation data from the Global Forecast System
(GFS)NWPmodel are also included (Table 1). Satellite,
radar, lightning, and operational model data were pro-
cessed and visualized with the NinJo meteorological
workstation system of the DWD (Joe et al. 2005).
To hindcast the storm, the COSMOmodel (version 5.0)
was used in its climate version (CLM), henceforth termed
CCLM (Rockel et al. 2008). At high resolutions (grid
spacing , 4km) the model is able to resolve deep con-
vection [convection-permitting model; Prein et al. (2015)],
while shallow convection is still parameterized. The
CCLMhas been successfully applied in several convection-
permitting modeling studies in the recent past (e.g., Fosser
et al. 2015; Ludwig et al. 2015; Leutwyler et al. 2016).
A three-step one-way nesting approach is applied to
the experiments. The horizontal resolution of the parent
domain is 0.228 (D1), the second is 0.06258 (D2), and the
final domain reaches a convection-permitting resolution
of 0.0258 (D3; see Fig. 3 and Table 2). In the first two
nesting steps, the convective mass flux is parameterized
following the work presented in Tiedtke (1989). For the
highest-resolution run, this scheme is applied only to
shallow convection without generating subgrid-scale
precipitation. An extended description of the physical
parameterizations is given in Table 2 and in Doms et al.
(2011). All simulations are initialized at 0600 UTC
9 June 2014, approximately 4h before the initial con-
vection over France and about 10 h before the Pentecost
storm was initiated, which reached its peak intensity
around 1900 UTC (see section 4). This permits the
modeled convective system to form and develop inside
the parent model domain.
A set of hindcast simulations is performedwith 6-hourly
initial and boundary conditions taken both from the
ECMWF operative analysis and from the ERA-
Interim reanalysis [ERAI; Dee et al. (2011)]. Both are
based on the Integrated Forecast System (IFS) model,
but correspond to two different model cycles (ERA-
Interim, Cy31r2; operative analysis during June 2014,
Cy40r1). Thus, they have different spatial resolutions
(ERA-Interim T255, approximately 80 km; ECMWF
operative analysis T1279, approximately 16 km) and
different data assimilations, since the corresponding
assimilation cycles use diverse model statistical errors,
quality control checks, observation weights, etc. for
the calculations, which in the end leads to two distinct
datasets (Dee et al. 2011). We investigate the effects of
these different initial and boundary conditions on the
development of the event and compare the simulated
convective event to observations to evaluate the model
performance.
To test the sensitivity of the initial conditions to storm
development, a sequence of sensitivity studies is
designed, where individual variables are substituted into
the ECMWF datasets (operative analysis and re-
analysis). These sensitivity simulations are forced by
FIG. 2. Illustration of the propagation of the radar echo and observedmaximumwind gusts (m s 1) of the Pentecost storm on 9 Jun 2014.
Radar reflectivity above 40 dBZ at the leading edge of the storm system is shaded in various colors according to the hourly appearance
times (see legend). Gust reports from stations operated by the MeteoGroup are underlined. The magenta dots indicate the reference
locations (Düsseldorf, Essen, and Bergen Hohne) that are regularly quoted in the text.
initial conditions from the operative analysis, with one
specific initial variable exchanged by the values from
ERA-Interim (see Table 1). These specific variables are
only changed in the initial time step and for the parent
model domain (0.228). Since both ECMWF datasets
represent basically the same synoptic background, the
overall changes in the initial data are rather moderate.
Still, the initial dataset contains unbalanced information
for the mass and wind fields. This will lead to artificial
high-frequency oscillations of large amplitude at the
start of the simulation and an unwanted extension of
the spinup time. Therefore, the data are modified during
the initialization process to reduce the unbalanced
gravity and sound wave components to a realistic level
following a time-filtering approach, as in Lynch (1997):
the high frequencies are removed by applying a digital
filter to a short time series of the prognostic model
variables obtained by an integration from the initial
data. Thus, the differences between the exchanged data
(and possible physical inconsistencies) are adjusted
during the first time steps of the model integration. The
specific initial variables considered are the specific hu-
midity QV, temperature T, horizontal wind components
U and V, cloud liquid water content QC, cloud ice
content QI, deviation from model reference pressure P,
soil temperature T SO, and soil water content W SO.
3. Synoptic situation and environmental
preconditions
On Pentecost Monday, an upper-level long-wave
trough was located above the northeastern Atlantic,
while an upper-level ridge extended from Algeria, over
northern Italy to Poland (Fig. 4a). Western Europe was
therefore located between the upper-level trough and the
ridge, which resulted in an upper-level anticyclonically
curved southerly to southwesterly flow, such that a
weakly forced synoptic regime was in place. Subtropical
air masses in the lower troposphere were advected to-
ward central Europe ahead of the trough, resulting in
considerable warm-air advection and a hot spell with
daily maximum temperatures above 308C over western
Germany. The upper-air trough corresponded with the
weak surface low ‘‘Ela,’’ located west of Ireland, while
the ridge was linked to the surface high ‘‘Wolfgang’’ over
eastern Europe (Fig. 4). Over western Europe, the pres-
sure field was amorphous because of the very weak
pressure gradient. A diffuse and wavy quasi-stationary
FIG. 3. Model domains used for the three step nesting of the
hindcast simulations. The borders of the map indicate the 0.228
parent model domain.
TABLE 1. Specifications of the operational models (GFS, IFS/ECMWF, COSMO EU, and COSMO DE) and the CCLM sensitivity
studies.
Simulation Simulation origin Initial and boundary conditions Domain
GFS NCEP Global
IFS ECMWF Global
COSMO EU DWD GME (DWD’s operational global NWP model) DWD Europe
COSMO DE DWD COSMO EU DWD Germany
CCLM ERAI This study ERA Interim D1, D2, D3
CCLM AN This study ECMWF analysis D1, D2, D3
CCLM AN1eraiQV This study ECMWF analysis 1 ERA Interim specific humidity D1, D2, D3
CCLM AN1eraiU V This study ECMWF analysis 1 ERA Interim wind D1, D2, D3
CCLM AN1eraiT This study ECMWF analysis 1 ERA Interim temp D1, D2, D3
CCLM AN1eraiPP This study ECMWF analysis 1 ERA Interim pressure D1, D2
CCLM AN1eraiQC This study ECMWF analysis 1 ERA Interim cloud liquid water content D1, D2
CCLM AN1eraiQI This study ECMWF analysis 1 ERA Interim cloud ice content D1, D2
CCLM AN1eraiT SO This study ECMWF analysis 1 ERA Interim soil temp D1, D2
CCLM AN1eraiW SO This study ECMWF analysis 1 ERA Interim soil water content D1, D2
front extended from Spain over western France to the
North Sea (Fig. 4b).
The large-scale preconditions associated with the storm
are examined in detail based on the COSMO-EU and
COSMO-DE operational model data and upper-air
soundings (Figs. 5 and 6). The ingredients-based forecast
of Johns and Doswell (1992) prescribes three elements for
the occurrence of deep convection. At first, a sufficient
amount of moisture in the boundary layer is required. In
this case, enhanced low-level moisture is apparent in the
vicinity of the frontal zone, with specific humidity values
between 10 and 14gkg 1 over western France, the Ben-
elux region, and northern Germany (Fig. 5a). The 1800
UTC sounding fromBergen-Hohne indicated a comparable
mean mixing ratio of 13.1gkg 1 and a mean dewpoint of
17.78C in the lowest 50-hPa mixed layer (Fig. 6).
The second necessary ingredient is a sufficiently steep
lapse rate above the moist layer in the lower to mid-
troposphere. In this case, conditionally unstable air
covered central Europe, with lapse rates of 7 9Kkm 1
roughly between 800 and 600 hPa (Fig. 5b), which is also
documented by the 1800 UTC upper-level observations
(Fig. 6). These values are well above the median values,
indicating the potential for the occurrence of severe or
extremely severe hazardous convective weather (Púcik
et al. 2015). The main contributor to these steep lapse
rates is the Spanish plume (Morris 1986; van Delden
1998), which features warm and dry air lifted from the
Spanish plateau and advected toward western Europe
ahead of the upper-air trough. This process is noticeable
in the observations at Bergen-Hohne, as indicated by
the elevated mixed layer (EML) between 800 and
650 hPa. This is also true for the COSMO-DE vertical
profile at Essen (Fig. 6), but slightly modified due to a
simulated cloud layer at 750hPa. The combination of a
moist boundary layer and steep midtropospheric lapse
rates resulted in moderate-to-high CAPE values of
about 2000 3000 J kg 1 (Figs. 5a c; Table 3), although
the EML capped this energy and led to a significant
convective inhibition (CIN; Table 3). This thermody-
namic state is also often referred to the so-called loaded-
gun scenario (Fawbush and Miller 1952).
TABLE 2. Specifications of the physical parameterizations used in the different CCLM domains.
Domain D1 D2 D3
Horizontal resolution (8) 0.22 0.0625 0.025
No. of vertical layers 40 50 50
Convective
parameterization
Tiedtke (1989) Tiedtke (1989) Only shallow convection after
Tiedtke (1989)
Grid scale precipitation Two category ice scheme
(Doms et al. 2011)
Two category ice scheme
(Doms et al. 2011)
Three category ice or
graupel scheme (Doms et al. 2011)
Radiation Ritter and Geleyn (1992);
Rockel et al. (1991)
Ritter and Geleyn (1992);
Rockel et al. (1991)
Ritter and Geleyn (1992);
Rockel et al. (1991)
Soil model Multilayer soil model
(TERRA ML) after
Jacobsen and Heise (1982)
Multilayer soil model
(TERRA ML) after
Jacobsen and Heise (1982)
Multilayer soil model (TERRA ML)
after Jacobsen and Heise (1982)
FIG. 4. (a) Analysis of geopotential height (gpdm; black lines), wind speed (kt, where 1 kt 0.51m s 1; wind
barbs), and temperature (8C; colored) at the 500 hPa pressure level and (b) surface weather chart of mean sea level
pressure (hPa) and fronts at 1200 UTC 9 Jun 2014 (source: Met Office). The black rectangle in (a) denotes the area
shown in (b).
FIG. 5. Forecast at 1800 UTC 9 Jun 2014 of the 1200 UTC COSMO EU run in terms of (a) specific humidity
(g kg 1) at a height of 200m, (b) the 800 600 hPa lapse rate (K km 1), (c) the 50 hPa mixed layer (ML) CAPE
(J kg 1) and thresholds of (a) and (b), (d) the deep layer shear (in m s 1), and (e) the overlap of thresholds for (a),
(b), and (d) marked in yellow. Shown are thresholds for the thick colored lines: specific humidity in (a), 10 g kg 1;
800 600 hPa lapse rate in (b), 6.5 K km 1 (Púcik et al. 2015); and deep layer shear in (d), 15m s 1 (Púcik et al.
2015). The area shown corresponds to the inner domain (D3) in Fig. 3.
Finally, vertical wind shear is an additional crucial
ingredient for well-organizedMCSs, as shown in various
numerical and observational studies (e.g., Weisman and
Klemp 1982; Rasmussen and Blanchard 1998). The wind
shear between 0 and 6km is the so-called deep-layer
shear (DLS). In this case, the DLS reached values of
15 25m s 1 over large parts of France, Benelux, and
northwestern Germany (Fig. 5d). The sounding obser-
vation from Bergen-Hohne revealed a DLS vector
with a magnitude of 21m s 1 at 2528 (WSW) and the
0 6-km mean wind (deep-layer wind) vector had a mag-
nitude of 11m s 1 at 2508 (Fig. 6). Thus, both vectors
were nearly parallel and were of sufficient strength,
which favored a fast downwind-propagating and se-
vere MCS (Corfidi 2003; Cohen et al. 2007). Moreover,
the observational sounding indicated low-level shear
(0 3 km) of about 12m s 1, which is in the range of the
values found by Evans and Doswell (2001) and Cohen
et al. (2007). This value is slightly weaker compared with
the 0 2.5-km shear values used in the idealized simula-
tion of a well-organized bow echo by Weisman and
Rotunno (2004). The last indispensable ingredient, the
lifting mechanism, was provided by the outflow from a
decaying multicellular convection system above north-
ern France (for more details see section 4).
In brief, the synoptic situation created favorable en-
vironmental conditions for the development of orga-
nized MCSs, and the four necessary ingredients for
severe wind events are in place (see introduction).
Therefore, severe weather was highly probable over
large parts of western Europe on the late afternoon of
9 June 2014 (yellow area in Fig. 5e). The environmental
FIG. 6. SkewT logp diagramof upper air observations fromBergen Hohne (WMO10238; 528480N, 98550E; black
lines) and of the COSMO DE analysis sounding fromEssen (518270N, 7800E; red lines) at 1800UTC 9 Jun 2014. The
solid (dashed) thick lines represent temperature (dewpoint) values. The ascending trajectory of a 50 hPa thickML
parcel for the observational sounding from Bergen Hohne is shown by the green line with its lifted condensation
level (LCL), level of free convection (LFC), and equilibrium level (EL). The DLS and deep layer wind (DLW)
vectors calculated from the Bergen Hohne sounding are also shown.
conditions were characterized by high boundary layer
moisture, steep midtropospheric lapse rates, and strong
vertical wind shear in the lower andmiddle troposphere.
This regime of high CAPE/high DLS (Figs. 5c e and
Table 3) generally allows the formation of long-lived
MCSs (Coniglio et al. 2010). In particular, a fast and
potentially severe MCS was promoted as a result of the
relatively strong mid- to upper-tropospheric flow and
the alignment of the mean wind and shear vectors
(Evans and Doswell 2001; Cohen et al. 2007).
However, a capping inversion induced by the Spanish
plume had to be overcome to initiate deep convection.
4. Evolution and structure of the bow echo
On 9 June 2014, scattered deep convective cells de-
veloped over southwestern France between 0930 and
1130 UTC in the vicinity of the quasi-stationary frontal
boundary (Fig. 4b) and then merged into an un-
organized multicell cluster. Given its location ahead of
the upper-level trough, this cloud system moved
northeastward and developed an isolated supercell
producing large hail to the east of Paris (not shown).
As the decaying cluster reached Belgium at 1600 UTC
and became outflow dominant, its outflow boundary
interacted with northeasterly surface winds, leading
to low-level convergence (feature 1 in Fig. 7b). The
forced lifting was able to overcome the CIN. Con-
sequently, several convective cells rapidly developed
over southeastern Belgium and remained initially
unorganized (Fig. 7c).
Around 1700 UTC, the storm cells strengthened
(strong increase of lightning activity) and became lin-
early organized (Figs. 7d f). The linear convective
system was now moving northeastward toward the
German Belgian border. The rapid development of
the MCS over Belgium was also observable in the
satellite imagery. A nearly circular-shaped cloud
cluster formed during the period of convective orga-
nization between 1600 and 1700 UTC, with a cold-ring
feature and a central warm spot (CWS) (feature 3 in
Fig. 7d), as shown by the enhanced infrared satellite
images (Figs. 7a,d). Recent studies showed that these
cloud-top patterns are linked to severe weather con-
ditions (e.g., Irsic Zibert et al. 2010; Setvàk et al. 2010).
The convective cloud expanded further until 1800 UTC,
retaining its near-circular shape (Figs. 8a,b). In ad-
dition, an overshooting top (OT) was visible east of
the CWS at 1800 UTC (feature 4 in Fig. 8a) aligned
above the strongest radar reflectivity near theGerman
Belgian border (cf. Figs. 8a and 8c). The occurrence of
OTs is often related to severe weather phenomena
(Bedka 2011; Mikus and Strelec Mahović 2013). At
1800 UTC, bands of weak radar reflectivity appea-
red behind the MCS (feature 2 in Fig. 8c). This fea-
ture consists of multiple rear-inflow notches (RINs),
which often indicate the location of midlevel RIJs
(Przybylinski 1995). The RIJ developed and strength-
ened over eastern Belgium between 1730 and 1800 UTC,
reaching velocities of 22 26m s 1 at about 2-km alti-
tude (not shown). At that time, a slight bowing of the
convective line can be identified in reflectivity scans
(Fig. 8c).
At 1800 UTC, the leading anvil of the linear MCS
already covered the western part of NRW, where
surface winds were weak with a northerly to north-
easterly direction, such that the convergence at the
leading edge of the convective line remained (Figs. 8a c).
As the RIJ got stronger (.31.5m s 1 at 2-km altitude)
and the mesoscale storm moved farther northeast, it
evolved into a mature bow echo and reached the
Rhine Ruhr metropolitan region around 1900 UTC
(Fig. 8f). Likewise, the abundant lightning observa-
tions showed a clear bow structure (feature 5 in Fig. 8e).
Also noteworthy was the very cold OT ( 73.58C) over
Düsseldorf (feature 4 in Fig. 8d), indicating that the
cloud top penetrated about 1 km into the stratosphere
(tropopause was located at about 200 hPa; see Fig. 6)
as a result of the extreme updrafts within the bow
echo.
Furthermore, the vertical structure of the Pentecost
storm is analyzed explicitly. The reflectivity cross section
taken through the core and apex of the bow revealed a
strong low-level reflectivity gradient, upright convective
cells, and a weak-echo region [WER; often named echo
overhang; Chisholm (1973)] at the leading edge
(Fig. 9a), with the 45-dBZ core extending to a height of
approximately 12 km (not shown) and a weaker trailing
stratiform region. A WER is an indicator for the loca-
tion of a strong storm-relative inflow and updraft zone
TABLE 3. Values of CAPE, CIN, and DLS calculated for the two










50 hPa mixed layer
CAPE (J kg 1)a
1799 2583
50 hPa mixed layer
CIN (J kg 1)a
285 270
Most unstable CAPE (J kg 1)a 3026 3171
Most unstable CIN (J kg 1)a 21 290
DLS (m s 1) 21.1 21.6
a Thermodynamic parameter calculated using the virtual
temperature.
(Lemon 1980). The RIJ is evident by means of the
striking RIN area that extends more than 45km (up to
6 km) toward the low-level reflectivity core of the bow
echo (Fig. 9a). Thus, the RIJ probably affected the
downdrafts of the storm through a horizontal momentum
transfer as well as via evaporative cooling by entrainment
of air with low pseudo potential temperatures. In a cross
section of the radial velocity taken farther northwest of
the apex at 1905 UTC, an RIJ at midlevels (2 6km) with
inbound velocities larger than 31.5ms 1 (indicated by
aliasing; see Figs. 9b,c) is detected. It gradually descended
to the surface while approaching the leading edge of the
system (Fig. 9c). For the southern part of the bow echo,
the RIJ remained elevated and did not reach the surface
(Fig. 9b).
The link between descending RIJs and straight-line
wind damage swaths has been studied in numerous
studies using Doppler radar (e.g., Schmidt and Cotton
1989; Burgess and Smull 1990; Atkins et al. 2004).
Concurrent with the arrival of the RIJ at the surface, the
strongest wind gust of 39.5m s 1 (142.2 kmh 1) was
measured at Düsseldorf Airport between 1900 and
1910 UTC (cf. Figs. 9c and 11). This value compares
reasonably well to the strength of the RIJ and is also
comparable to the hurricane-force winds recorded dur-
ing winter storm Kyrill in 2007 (Fink et al. 2009). Note
that the strongest gusts occurred along a small strip
(width of about 15 30km; see Fig. 1) within the Rhine
Ruhr region between 1900 and 2000 UTC (e.g., 37m s 1
in Neuss at 1900 UTC, 35ms 1 in Essen at 1930 UTC,
and 34m s 1 in Castrop-Rauxel at 1950UTC; see Fig. 2).
Several studies have shown the importance of (cy-
clonic or anticyclonic) mesovortices along the bow echo
gust front or at the northern part of the bow echo for the
production of straight-line surface wind damage (e.g.,
Trapp and Weisman 2003; Weisman and Trapp 2003;
Atkins et al. 2005; Wakimoto et al. 2006a,b; Wheatley
et al. 2006). For the Pentecost storm, the mesocyclone
detection algorithm (MDA; Hengstebeck et al. 2011;
Hengstebeck et al. 2014) of the DWD identified an in-
tense system-scale mesocyclone north of the bow echo
apex at 1900 UTC (Fig. 10). This detection is linked to a
circulation clearly visible in radial velocities at different
radar elevation surfaces (e.g., at the 128-elevation sur-
face; see feature 1 in Fig. 10a). Yet, this circulation did
not reveal the typical dipole structure of a mesocyclone
FIG. 7. Evolution of the cloud system of the Pentecost storm above Benelux and NRW between (top) 1600 and (bottom) 1700 UTC 9
Jun 2014: (a),(d) Meteosat 10.8 mm IR channel images with cloud top temperatures (8C) and 10 m wind barbs; (b),(e) Meteosat high
resolution visible (HRV) channel images, 10 m wind barbs, and last 6 min lightning flashes; and (c),(f) low level radar reflectivity (dBZ).
Features 1 and 3 are discussed in the text. The white rectangle in (a) indicates the domain shown in (b), (c), (e), and (f).
(Brown and Wood 2007). The inbound velocities, cor-
responding to the RIJ, were much stronger and
covered a larger area than the outbound velocities. We
hypothesize that a cyclonic bookend vortex formed
across the northern part of the bow echo during the
bowing stage (1800 1830 UTC) and subsequently am-
plified the northern part of the RIJ (Weisman 1993).
According to Weisman and Davis (1998), bookend
vortices result from upward or downward tilting in ver-
tically sheared environments. In our case, the strength of
the southerly to southwesterly flow increased with
height at midlevels (see Fig. 6), suggesting that down-
ward tilting caused the formation of the northern
bookend vortex corresponding to Fig. 5b in Weisman
and Davis (1998).
Figure 10 shows the line-end vortex when it reached a
maximum shear of 33ms 1 km 1 at 1905 UTC (Wapler
et al. 2016). The further development of the cyclonic
vortex remains unclear because of strong attenuation by
hydrometeors, resulting in qualitatively poor scans by
the Essen radar station until 2000 UTC. A vertical cross
section through the circulation marked in Fig. 10a
depicts a mesovortex depth of about 10km at 1900 UTC
(feature 2 in Fig. 10b). Furthermore, the deep meso-
b vortex was located near the striking OT (cf. Figs. 10a
and 10d) and corresponded well to the reported severe
wind gusts (Fig. 1; Wapler et al. 2016, their Fig. 10). These
facts suggest that the formation of the bookend vortex
strengthened the northern part of the RIJ, which locally
descended to the surface and caused the straight-line wind
damage swath of the Pentecost storm in the Rhine Ruhr
area (Fig. 1).
The observations from the Düsseldorf Airport char-
acterize the impact of the Pentecost storm at the surface
(Fig. 11). A peak gust speed of 39.5m s 1 was measured
at Düsseldorf Airport between 1900 and 1910 UTC and
was accompanied by a wind shift from the northerly to
the southwesterly direction. The maximum wind speeds
remained above 20ms 1 until 1930 UTC, likely as a
result of the presence of convective cells (see rainfall
observations in Fig. 11). However, wind gusts remained
at about 15ms 1 until 2030 UTC, which might be re-
lated to pressure gradients and the vertical advection of
momentum from theRIJ. During the next few hours, the
FIG. 8. Evolution of the cloud system of the Pentecost storm above Benelux and NRW between (top) 1800 and (bottom) 1900 UTC 9
Jun 2014: (a),(d) Meteosat 10.8 mm IR channel images with cloud top temperatures (8C) and 10 m wind barbs; (b),(d) Meteosat HRV
channel images, 10 m wind barbs, and last 6 min lightning flashes; and (c),(f) Meteosat HRV channel images, 10 m wind barbs, and 0.88
radar reflectivity (dBZ). Features 2, 4, and 5 are discussed in the text. The white rectangle in (a) indicates the domain shown in (b), (c), (e),
and (f).
FIG. 9. Vertical cross sections of (a) reflectivity (dBZ) and (b),(c) radial velocity (m s 1; red, away from radar;
green, toward radar) measured by the Essen radar station (indicated by the magenta dot in the insets) at 1900UTC in
(a) and (b) and at 1905 UTC in (c) 9 Jun 2014. The RIN and the WER are indicated in (a). The black arrow in
(c) marks the location of the Düsseldorf Airport and the white arrow in (c) denotes the descending RIJ. Note the
aliased radial velocities along the axis of the RIJ in (b) and (c). The insets on the right hand side reveal the cross
section paths and 0.88 radar reflectivity.
wind progressively weakened, while the storm moved
farther northeast. The surface pressure increased at
Düsseldorf by about 5 hPa within 20min, followed by a
slower decrease. This indicates the presence of a meso-
high induced by a strong cold pool (cf. also temperature
and dewpoint temperature drops of about 108 and 48C,
respectively), which is a typical signature of linearly
organized MCSs (Johnson and Hamilton 1988). The
pressure drop at 1720 UTC might be associated with a
propagating gravity wave (e.g., Bryan and Parker 2010;
Adams-Selin and Johnson 2013), probably triggered
by the formation of the linear MCS in Belgium. The
leading edge of the Pentecost storm caused overall mod-
erate precipitation amounts. Rainfall started at about
1910 UTC after the maximum wind gust, and a peak
amount of 12mm fell between 1910 and 1920 UTC.
Altogether, 21mm of rainfall was measured between
1910 and 1950 UTC at Düsseldorf Airport. The observed
altocumulus clouds (Fig. 11) comply with the aforemen-
tioned unstable middle troposphere (Fig. 5b).
The Pentecost storm began to weaken over the east-
ern part of NRW between 2015 and 2045 UTC, as the
lightning activity and radar reflectivity slowly decreased
(not shown). The bow echo evolved into a comma-
shaped and asymmetric system (Fujita 1978) during this
period in response to the strengthening of the cyclonic
bookend vortex [see the reflectivity structure between
1900 and 2100 UTC in Fig. 2; Skamarock et al. (1994);
Weisman and Davis (1998)] and the OT disappeared,
which implied a significant weakening of the updraft.
The decreasing strength of the wind gusts in eastern
NRW (see Fig. 2) can be explained by a less unstable
environment near the surface, as the storm probably
became more elevated. The dissipating MCS reached
FIG. 10. Detection of the mesocyclone of the Pentecost storm at 1900 UTC 9 Jun 2014: (a) 128 sweep of radial velocity (m s 1) by the
Essen radar station. The two white arrows mark the cyclonic mesovortex at a height of about 4 km. (b) Vertical cross section of radial
velocity, within the cross section path (A B) shown in (a) and (c). (c) The 0.88 radar reflectivity (dBZ). (d) Meteosat 10.8 mm IR channel
image with cloud top temperatures (8C); the solid violet triangle denotes the mesocyclone detected by the DWDMDA. The white edged
black dots in (a), (c), and (d) mark the location of the Essen radar station. Features 1 and 2 are discussed in the text.
northern Germany at 2230 UTC and gradually lost its
organization. A schematic tracking and overview of the
progression of the storm is provided in Fig. 2.
5. Predictability and modeling
The Pentecost storm posed considerable problems for
operational NWP models, as the strong convective ac-
tivity over western Germany was not well forecasted,
despite the overlap of the necessary ingredients of hu-
midity, instability, and wind shear in the models (Fig. 5).
Most NWP models predicted precipitation over north-
ern France, Belgium, and the Netherlands, which is re-
lated to the quasi-stationary front west of the area where
the storm actually occurred (cf. Figs. 12a e with
Fig. 12f). The 1200 UTC operational forecasts from
ECMWF and COSMO-DE predicted some pre-
cipitation over NRW, but the strongest convective pre-
cipitation was still projected to occur over Belgium and
the Netherlands (Figs. 12b,d). However, the ECMWF
forecast indicates a feature with strong precipitation
over northern France, Belgium, and the Netherlands
that deviates from the ordinary frontal precipitation
regime, thus pointing out the potential for severe
weather developments. These forecasts were distributed
to operational forecasters at a time (between 1700 and
1800 UTC) when the MCS had already developed. The
storm was first well captured by COSMO-DE when
the storms’ radar observations were assimilated into the
initial fields at 1800 UTC, in other words after it was
initialized inside the domain (Fig. 12e). The COSMO-
DE 1800 UTC forecast was issued between 1900 and
2000 UTC, when the storm already produced severe
winds in western NRW (see Fig. 2). In summary, the
operational forecasts did not capture the development
well. Nevertheless, it is also evident that the COSMO
model is able to simulate a bow echo, given the correct
initial and boundary conditions (COSMO-DE 1800 UTC
run).
Model hindcast experiments are used to complement
the description of the extreme convective event. We
found that the event can be better reproduced with
CCLM using ERA-Interim for the initial conditions at
0600 UTC than with initial conditions derived from the
operative ECMWF analysis. The ERA-Interim-driven
CCLM simulation (CCLM ERAI; see Table 1) is con-
siderably closer to reality than the operational fore-
casts (Fig. 12) in terms of the observed features and the
spatiotemporal evolution of the Pentecost storm, even
though it is slightly shifted to the northwest (Figs. 13
and 14). CCLM ERAI features a mature MCS with a
bow echo signature that appeared over the southern
FIG. 11. Surface observations from the Düsseldorf synoptic station (WMO 10400; 518170N,
68470E) for the period 1500 2300 UTC 9 Jun 2014. (top) Maximum wind gusts (red line) and
mean wind speed (blue line) during the preceding 10min (m s 1), and corresponding mean
wind direction (8; green line; southerly and westerly wind directions are shaded gray). (middle)
Type of high clouds (CH), medium clouds (CM), and low clouds (CL); cloud cover of CL and CM
(NLM); and present weather (WW). (bottom) Temperature (8C; orange line), dewpoint tem
perature (8C; blue line), surface pressure (hPa; black line), and precipitation amounts (mm;
blue bar). Symbols for cloud types, cloud cover, and present weather are typically used in
surface charts to plot the information included in surface synoptic observation (SYNOP)
reports.
Netherlands at 1800 UTC (Fig. 14a), which formed by
the merging of single cells initiated over northern
France. These initial cells in our CCLM ERAI simu-
lation were induced by the cold outflow of previous
convection over northwestern France, which is similar
to the observed triggering process (see section 4). The
simulated bow echo moved northeastward and reached
western NRW at 1900 UTC, with an active bookend
FIG. 12. The 12 hprecipitation accumulation (1200UTC9 Jun 0000UTC10 Jun 2014) forecasted by the 1200UTC
runs of (a) GFS, (b) ECMWF, (c) COSMO EU, and (d) COSMO DE. (e) The 6 h precipitation accumulation
(1800 UTC 9 Jun 0000 UTC 10 Jun 2014) forecasted by the 1800 UTC run of COSMO DE and (f) observed by
synoptic stations. The black rectangle in (a) indicates the area shown in (d), (e), and (f).
vortex in the northern part of the bow echo (Figs. 13c,d).
The vertical cross section through this cyclonic circu-
lation shows that the mesovortex extends through the
whole troposphere (Fig. 13c), which is comparable to
the real case (cf. Figs. 10b and 13c).
The peak intensity of the system as related to con-
vective wind gusts was simulated between 1900 and
2000UTCalong the path of the bookend vortex (Fig. 13b).
However, CCLM ERAI overestimated the maximum
wind compared with the observations (58 vs 40m s 1).
Furthermore, the horizontal cross section of the hori-
zontal wind field featured a midlevel RIJ behind the
leading edge of the storm (Fig. 13d). Likewise, a strong
low-level radar reflectivity gradient at the leading edge
of the MCS was present in the simulation (Fig. 13a).
Thus, we conclude that the modeled convective system
has similar characteristics to those observed in the real
convective storm (e.g., bow echo, RIJ, bookend vortex;
see section 4).
To study the potential predictability of the event,
CCLMhindcasts were also performedwith the ECMWF
operational analysis as the initial and boundary condi-
tions (Table 1). These simulations were started at the
same time (0600 UTC) as for the ERA-Interim-driven
simulation. The ECMWF operative analysis driven
simulation (CCLM AN; see Table 1) also developed a
convective storm, but its track is clearly displaced to the
west (Fig. 14b), similar to the operational forecasts.
Moreover, the bow echo structure of the simulated
storm was less pronounced compared to the ERA-
Interim-driven simulation (cf. Figs. 14a and 14b).
Thus, the reanalysis provides better initial fields for the
generation of the storm in spite of its lower resolution
compared to the analysis. The comparison of the two
FIG. 13. Results from CCLMERAI at 1900 UTC. (a) Radar reflectivity at approximately 1.3 km altitude (dBZ),
(b) 10 m maximum wind (m s 1), (c) cross section of the radial wind component (m s 1) with respect to the Essen
radar station [denoted by a cross in (a) and (b)], and (d) wind speed (shading; m s 1) and direction (arrows) at
approximately 2.8 km altitude, in the rectangle denoted in (a) and (b). The northern bookend vortex (BV) is
indicated in (d). The domain shown in (a) and (b) corresponds to the area shown in Figs. 7c,f and 8c,f.
initial fields showed differences that can partially be
attributed to the different horizontal resolutions of the
original data. For example, regarding the wind fields,
this structural difference resulted in a noisy bias field
with a small-scale structure (not shown). Nevertheless,
the wind fields at the initial date of our simulations
(0600 UTC 9 June 2014) diverge slightly over north-
western France, where the first convective cell developed
in our CCLM ERAI simulation (not shown). In the
case of the specific humidity, we compared the pre-
cipitable water amount in the lower troposphere, and
found higher values (about 20% 30% difference) in the
ERA-Interim reanalysis over the development area of
the Pentecost storm.
To determine themost important differences between
the two distinct initial datasets, sensitivity studies were
designed to identify those initial variables with the
largest impact on the development of the storm in our
simulations (see section 2). A considerable sensitivity
was found when the initial specific humidity and wind
fields were exchanged with ERA-Interim values in the
ECMWF-analysis-driven simulation (Figs. 14c,d). By
altering the specific humidity, the system intensified and
the westerly displacement was reduced (cf. Figs. 14b and
14c). Nonetheless, two convective systems were simu-
lated andmerged together (Fig. 14c), which is in contrast
to the real case. The consideration of the ERA-Interim
horizontal wind fields also affected the development of
the bow echo (Fig. 14d). A much better temporal and
structural development of the storm compared to the
CCLMAN simulation (Fig. 14b) is obvious, but still too
far north. The exchanged wind fields actually lead to a
FIG. 14. Simulated radar reflectivity (shaded) over the 50 dBZ threshold at approximately 1.3 km altitude and
observed 0.88 radar reflectivity (colored isolines) over the 40 dBZ threshold in consecutive time steps (see legend;
1600 2200 UTC 9 Jun 2014) in the (a) CCLMERAI, (b) CCLMAN, (c) sensitivity CCLM simulation with altered
initial specific humidity (CCLMAN1eraiQV), and (d) sensitivity CCLM simulation with altered initial horizontal
wind (CCLM AN1eraiU V; see details in section 2 and Table 1). Note that the simulated and observed re
flectivities are not fully consistent because of the different heights (model level vs elevation angle). Thus, the
thresholds allowably differ slightly to highlight the structural similarities between the simulations and observations.
more distinct linear organization of the system when
compared to the simulation with exchanged specific
humidity (Fig. 14c). Simulations that consider the ex-
change of other initial variables (see section 2; Table 1)
lead only to small variations of the resulting convective
system (not shown). Based on the sensitivity studies, we
assume that the representation of the wind and initial
humidity fields is probably the key reason for a suc-
cessful forecast of this storm event.
6. Summary and conclusions
Amajor linearly organized MCS developed on 9 June
2014 over Belgium and moved northeastward over
western and northern Germany. It produced wind gusts
of 25 40ms 1 along an approximately 260-km-long
path in the German federal state of NRW, where sub-
stantial damage occurred (Fig. 1). This Pentecost storm
is classified as a bow echo as it shows the typical char-
acteristics in the radar images: 1) a bow-shaped radar
echo pattern; 2) a strong low-level reflectivity gradient;
3) a weak-echo region at the leading edge of the system;
4) a well-developed RIJ; 5) striking rear-inflow notches;
and 6) a cyclonic bookend vortex. In addition, several
overshooting tops were identified during the growth and
mature phase of this severe bow echo.
The synoptic setting was very conducive to the de-
velopment of this hazardous weather event. An overlap
of areas with high amounts of boundary layer moisture,
steep lower- to midtropospheric lapse rates, and strong
deep-layer shear extended from southwestern France
over Benelux to northern Germany, clearly depicting a
large area with high potential for the occurrence of well-
organized convective systems (Fig. 5). Moreover, the
relatively strong midtropospheric flow and the paral-
lelism of the average deep wind and shear vectors fa-
vored the formation of a severe wind-producing MCS.
The convergence produced by the interaction of an
outflow boundary from preexisting convection over
northern France together with northeasterly winds over
Belgium triggered uplift, thus leading to the initiation of
the storm. The severe surface winds during the mature
phase of the bow echo over western NRW occurred in
association with the deep northern bookend vortex and
the descending RIJ, which is in agreement with our
simulations (Fig. 13) and other studies (e.g., Atkins et al.
2004; Wakimoto et al. 2006b; Weisman et al. 2013).
Hence, we conclude that these two dynamic features of
the bow echo contributed to the severe wind damage
observed in the Rhine Ruhr region along the narrow
straight-line swath (Fig. 1).
Our numerical experiments provide evidence that
convection-permitting models are able to simulate bow
echoes and their associated features. The ERA-
Interim-driven CCLM simulation produced an MCS
with a developing bow echo featuring similar meso-
scale characteristics as those observed in reality (e.g.,
northern bookend vortex, midlevel RIJ, swath of se-
vere winds). While the timing of the simulated storm
coincides with the development of the observed sys-
tem, the track of the simulated system was shifted
northwestward by about 50 100 km. Sensitivity studies
revealed that the bow echo formation is particularly
sensitive to the wind field and the moisture content in
the ambient environment and initial conditions, since
they affect the strength of the storms’ cold pool (James
et al. 2006). In general, the initial and boundary con-
ditions played a crucial role in the case of our simu-
lations. This agrees also well with the work of Luo and
Chen (2015), who made a similar analysis on an
extreme-rain-producing MCS, and found that despite
the favorable synoptic conditions the simulations were
strongly sensitive to the initial conditions, especially to
changes in moisture, wind, and temperature fields. An
assessment of the forecasts also shows that most op-
erational NWP models were not able to predict the
Pentecost storm adequately in advance, despite the
favorable ingredients (Fig. 12). Thus, our results sug-
gest that initial and boundary conditions as well as other
factors such as microphysical parameterizations (e.g.,
Adams-Selin et al. 2013; Barthlott et al. 2017) or data
assimilation methods (e.g., Dixon et al. 2009; Lange and
Craig 2014; Schwartz 2016) are highly significant in cap-
turing similar extreme convective events properly.
The Pentecost storm was certainly one of the most
violent thunderstorms in Germany in decades, and was
comparable in size, intensity, and degree of organization
to bow echo systems often observed over the United
States. The investigation of such severeMCSs in Europe
is very pertinent in light of the long-term climate change
projections (Brooks 2013; Tippett et al. 2015), which
suggest that while favorable meteorological conditions
for the development of severe convective weather
events over western Europe may occur more frequently
in future decades, how the frequency of the various
hazards will change is still an open question.
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